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ragged seedling2 (rgd2) is a novel, recessive mutation affecting lateral organ development in maize. The mutant phenotype of
homozygous rgd2-R leaves is variable. Mild leaf phenotypes have a reduced midrib and may be moderately narrow and furcated; severe
Rgd2-R leaves are filamentous or even radial. Despite their radial morphology, severe Rgd2-R mutant leaves develop distinct adaxial and
abaxial anatomical features. Although Rgd2-R mutants exhibit no reduction in adaxial or abaxial cell types, areas of epidermal cell
swapping may occur that are associated with misaligned vascular bundles and outgrowths of ectopic margins. Scanning electron microscopy
of young primordia and analyses of leaf developmental-marker gene expression in mutant apices reveal that RGD2 functions during
recruitment of leaf founder cells and during expansive growth of leaf primordia. Overall, these phenotypes suggest that development is
uncoordinated in Rgd2-R mutant leaves, so that leaf components and tissues may develop quasi-independently. Models whereby RGD2 is
required for developmental signaling during the initiation, anatomical patterning, and lateral expansion of maize leaves are discussed.
D 2005 Elsevier Inc. All rights reserved.Keywords: Maize; Leaf development; SAM; Founder cells; DorsiventralIntroduction
Leaves are constructed through the simultaneous and
coordinated processes of morphogenesis (the development
of form) and histogenesis (the development of tissues). Leaf
primordia emerge from the shoot apical meristem (SAM) and
development proceeds along the proximodistal, the medio-
lateral, and the adaxial/abaxial axes to contribute, respec-
tively, to leaf length, width, and thickness in order to achieve
the final shape and anatomical pattern of the leaf. Analyses
of leaf developmental mutants in Antirrhinum, Arabidopsis,
and maize have contributed to a model proposing that the
juxtaposition of adaxial and abaxial leaf domains provides
positional information required for elaborative growth along
both the mediolateral and proximodistal leaf axes (reviewed
in Bowman et al., 2002; Hudson, 2001). Although the0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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developmental genes are compatible with predicted out-
comes of this model, as yet it remains unclear how adaxial/
abaxial positional information is integrated into the signal(s)
that mediates margin development and leaf expansion.
Leaf development begins when a population of founder
cells located at the periphery of the SAM is recruited to
comprise the leaf anlage. This shift toward determinate
growth in the leaf founder cells correlates with the down-
regulation of indeterminacy-promoting KNOTTED1-like
homeobox (KNOX) proteins (Jackson et al., 1994; Smith
et al., 1992) and with upregulated expression of various leaf
patterning gene family members, including class III
HOMEODOMAIN-LEUCINE ZIPPER (HD ZIPIII) genes
and YABBY genes. HD ZIPIII family members PHABU-
LOSA (PHB), PHAVOLUTA (PHV), and REVOLUTA
(REV) are expressed in the anlage of the SAM at the site
of the presumptive midvein (Emery et al., 2003; McConnell
et al., 2001; Otsuga et al., 2001). Neomorphic mutations of282 (2005) 455 – 466
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adaxialized leaves (McConnell and Barton, 1998), and
similar mutations in the REV gene lead to leaves more
normal in width with radial, amphivasal vascular bundles,
and some adaxial/abaxial epidermal defects (Emery et al.,
2003; Zhong and Ye, 2004) A homologous gene mutation in
maize yields narrow, curled leaves with columns of swapped
adaxial and abaxial epidermal tissue (Nelson et al., 2002).
HD ZIPIII transcripts are restricted from abaxial regions of
the primordia by the polarized accumulation of miRNA 165
and 166 (Kidner and Martienssen, 2004; Juarez et al.,
2004a). Taken together, the mutant phenotypes and expres-
sion patterns of HD ZIPIII genes are consistent with their
proposed function to promote adaxial cell fate. Over-
expression of KANADI (KAN) genes KAN1, KAN2, or
KAN3 yields radial abaxialized leaves (Eshed et al., 2001;
Kerstetter et al., 2001), and leaves of loss of function
Kan1/Kan2/Kan3 triple mutants are adaxialized (Eshed
et al., 2004). Thus, KAN function promotes abaxial identity.
KAN1 is expressed abaxially in the P1 primordium
(Kerstetter et al., 2001), although the domain of KAN1
expression appears to extend beyond that of the miRNAs
165 and 166 (Kerstetter et al., 2001; Kidner and Martiens-
sen, 2004). The polarized expression of the KAN and HD
ZIPIII genes in the young leaf primordia is compatible with
the Waites and Hudson (1995) model predicting that
mediolateral expansion of lateral organs is organized at
the boundary between adaxial and abaxial ‘‘domains’’.
Several YABBY gene family members are also expressed
initially in the leaf anlage (Sawa et al., 1999; Siegfried et al.,
1999). While these genes were first described as abaxial-
promoting, recent studies suggest that YABBY functions
not only in dorsiventral patterning but during expansive
growth of anlage and lateral organ primordia (Eshed et al.,
2004; Golz et al., 2004; Juarez et al., 2004b; Navarro et al.,
2004; Yamaguchi et al., 2004).
The leaf polarity mutants described above exhibit a loss
or reduction of adaxial or abaxial leaf identity and a
correlated loss in lateral expansion of the leaf. Here, we
introduce the Ragged seedling2-R (Rgd2-R) mutant of
maize, which mimics the morphology of adaxial/abaxial
mutants without the accompanying loss of dorsiventral
anatomy. We propose that RAGGED SEEDLING2 encodes
a signaling function throughout leaf development that is
required for molecular patterning of the SAM, histogenic
patterning of maize leaves, and expansion of the leaf lamina.Materials and methods
Maize stocks and genetic mapping
The Ragged seedling2-R phenotype was identified in a
Mutator transposon-active family. Attempts to locate the
recessive mutation to a particular chromosome arm via
traditional B–A translocation mapping (translocation stocksand procedures were as described in Scanlon et al., 1994)
failed to identify ragged seedling phenotypes in F1
progeny, suggesting that the mutation is located proximal
to the B–A translocation breakpoint in the existing series.
Subsequently, molecular SSR marker analyses were per-
formed on F2 mutant progeny obtained from genetic
crosses of rgd2-R X maize inbred Mo17. Markers utilized
include the maize chromosome 1S SSR markers umc1395,
umc1297, umc2025, umc2112, and bnlg1811.
Histology and light microscopy
Transverse hand sections of freshly harvested maize leaf
blades were examined via UV autofluorescence microscopy
using a Zeiss Axioplan 2 (Jena, Germany) equipped with an
Attoarc HBO 100W lamp, as described by Becraft and Free-
ling (1994). Maize seedlings were fixed in FAA, paraffin-
embedded, sectioned, and stained in Safranin-Fast Green
(Sylvester and Ruzin, 1994). Light microscopic images were
photographed using a MicroPublisher 3.3 mega-pixel CCD
camera (Southern Micro Instruments, Pompano Beach, FL)
and Qcapture2 software (QImaging, Burnaby, BC, Canada)
or as described (Becraft and Freeling, 1994).
Scanning electron microcopy
Cryo-scanning electron microscopy of dissected maize
apices and leaves (Scanlon, 2003) and scanning electron
microscopy of Spurrs resin replicas thereof (Sylvester et al.,
1990) were performed using a LEO 982 Field emission
scanning electron microscope (Thornwood, NY) operating
at an accelerating voltage of 2–5 kV.
Immunohistolocalizations and in situ hybridizations
Immunohistolocalization of KNOX proteins in 14-day
post-germination maize seedlings was performed as
described previously (Scanlon et al., 1996) using a KNOX
polyclonal antibody (gift from R. Schneeberger). In situ
localization ofNARROW SHEATH1 and ZMYB14 transcripts
in 14-day post-germination seedling apices was performed
according to the method of Jackson (1991) using digoxyge-
nin-labeled probes. A 1.2 kb portion of the of NARROW
SHEATH2 cDNAwas cloned relative to the Sp6 promoter to
yield an antisense probe that hybridizes to both NS1 and NS2
mRNA. The ZMYB14 probe was a generous gift from M.
Timmermans. Other modifications were as described (Juarez
et al., 2004a,b; Nardmann et al., 2004).Results
Ragged seedling2 is a new recessive mutation in maize
The Ragged seedling2-R mutant was identified as a
narrow leaf, plant stature phenotype that segregated in a
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rited as a single copy recessive trait, the Rgd2-R mutant
phenotype is conditioned by homozygosity for the rgd2-R
mutation that maps to bins 1.4–1.5 on chromosome 1S
between SSR markers umc2112 and bnlg1811. As with
morphologically similar mutants described in monocots
and eudicots (reviewed in Byrne et al., 2001; Golz and
Hudson, 2002), the severity of the rgd2-R phenotype
varies among sibling mutant plants and among different
leaves from a single plant (Fig. 1). Extreme examples
include homozygous rgd2-R plants that fail to germinateFig. 1. Variable morphology of rgd2-R mutant leaves. (A) Severe Rgd2-R whol
Moderate Rgd2-R mutant plant. The leaf morphology is variable, but overall th
section of non-mutant seedling, five leaf primordia are shown surrounding the shoo
leaf are indicated. (D) Transverse section of a mild Rgd2-R vegetative seedling.
(E) Transverse section of a severe Rgd2-R seedling, showing extreme truncat
transverse section at the margin of a mature, non-mutant leaf blade. Note the marg
of a narrow Rgd2-R leaf blade, in which multiple margin structures (arrows) ar
structure (arrow). (I) Extremely narrow Rgd2-R leaf blade has two margins (arrand sibling mutants that show a very slight phenotype, as
described below. Embryo and seedling lethality ultimately
leads to lower than the expected rgd2-R mutant/non-
mutant ratio in seedling screens of F2 progeny generated
from heterozygous rgd2-R/RGD2 plants. Genetic back-
ground also exerts a great effect on penetrance of the
mutant phenotype. Fewer than three introgressions into
either the maize inbred B73 or inbred W23 background
suppress the mutant phenotype; however, five introgres-
sions into inbred Mo17 render a severe rgd2-R phenotype
such that mutants may develop a few very narrow to radiale plant (left) at maturity next to mature non-mutant sibling leaf (right). (B)
e leaves are not as narrow as the plant shown in panel (A). (C) Transverse
t apical meristem (SAM). The midribs (d) and margins (r) of each numbered
The leaves are of variable width and the margins fail to surround the shoot.
ion of leaf width and radial leaf morphology. (F) Fluorescent image of a
in hair and lack of chlorophyll at the leaf margin tip. (G) Transverse section
e formed. (H) A severely truncated Rgd2-R leaf blade formed a marginal
ows) despite severe reduction in laminar width.
Fig. 2. Scanning electron microscopic analyses of morphology of Rgd2-R
mutant primordia. (A) A non-mutant, maize vegetative shoot apex. The
base of the P2 primordium (second leaf from the shoot apical meristem,
SAM) encircles the SAM. (B) A severe Rgd2-R mutant vegetative shoot
apex. The bases of the primordia do not encircle the SAM, and primordia
exhibit multiple points of outgrowth from a common leaf base. (C) A non-
mutant shoot apex; the P3 primordium encloses the younger leaf primordia
and the SAM. (D) A severe Rgd2-R shoot apex. Despite the radial
morphology of the distal domains of P4 and P6 primordia, they are
transversely flattened (bifacial) at their insertion into the stem. (E) Milder
Rgd2-R shoot apex; proximodistal development is not uniform within
each leaf, as evident in the close-up (F) of the boxed region. Scale bars in
A–C = 200 Am; D–E = 500 Am; F = 100 Am.
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are completely sterile; less severely affected mutants may
produce fertile ears and pollen, although anthers fail to
dehisce and pollen must manually be extruded in order to
perform pollinations.
Morphology of Ragged seedling2-R leaves: defects in
lateral expansion
Compared to non-mutant sibling plants, Rgd2-R mutant
plants are very short owing to an extreme truncation of the
internode (stem) (Fig. 1A). The severity of narrow leaf
defects may vary widely within a single mutant plant and
include half leaf, split leaf, thread/ribbon leaf, and radial leaf
phenotypes. Although this study focuses on the effects of
rgd2-R on vegetative leaf development, equivalent pheno-
types are seen in other lateral organs of the shoot, including
the coleoptile, prophyll, husk leaves, and organs of the male
and female florets (data not shown). As demonstrated in
transverse sections of non-mutant seedlings, maize leaf
primordia initiate in alternate phyllotaxy (successive leaves
180- apart and in two ranks), and the margins encircle the
vegetative SAM during the plastochron 3 (P3; third leaf
primordium from the SAM) stage of development (Fig. 1C).
In contrast, leaf primordia from moderately phenotypic
Rgd2-R plants may only partially encircle the apex (Fig.
1D). Non-mutant maize leaves are inherently bifacial, trans-
versely flattened, and comprised of distinct adaxial and
abaxial cell types (Kaplan, 2001). Although severely
phenotypic mutant leaves exhibit radial morphology and fail
to expand laterally (Fig. 1E), transverse flattening of radial
leaf primordia does occur at the leaf base before insertion into
the node (Fig. 2D). Specialized, saw tooth hairs and tapered,
non-chlorophyllic tips are a hallmark of non-mutant maize
leaf-blade margins (Fig. 1F; Scanlon et al., 1996). Although
radial Rgd2-R mutant leaves are devoid of these margin-
specific structures (Fig. 3C), leaf margins may form in
extremely narrow and nearly radial Rgd2-R mutant leaves
(Figs. 1G–I). Thus, Rgd2-R mutant leaves exhibit variable
degrees of mediolateral expansion, although normal margin
structures may form at the edges of abnormally narrow
leaves.
The ontogeny of Rgd2-R mutant leaf phenotypes was
investigated using scanning electron microscopy of seed-
ling apices (Fig. 2). The edges of non-mutant maize
primordia form a smooth, uniform slope from the tip
toward the leaf base (Fig. 2A); primordia encircle and
enclose the underlying shoot apex from the P3 stage
onward (Fig. 2C). In contrast, severe Rgd2-R primordia
may never encircle the SAM (Figs. 2B, D). Milder mutant
leaves exhibit variable mediolateral expansion and often
form spiked outgrowths along the distal edge (Figs. 2B, E–
F). These jagged and split-leaf phenotypes suggest that
differentiation of mediolateral leaf domains is uncoordi-
nated in the Rgd2-R mutants, such that distinct domains
may develop quasi-independently.Anatomy of Ragged seedling2-R leaves: uncoordinated
dorsiventral patterning
Non-mutant maize leaves exhibit asymmetrical patterns
of cellular differentiation along the dorsiventral axis.
Vascular bundles have a collateral (polarized) arrangement,
in which xylem vessels are located on the adaxial side of the
bundle and phloem is found abaxially (Figs. 3A–B).
Dorsiventral patterning is also characteristic of the maize
Fig. 3. Radial Rgd2-R leaves retain adaxial/abaxial identity. (A) Cartoon of collateral maize vascular bundle, with xylem (X) located adaxially and phloem (P)
abaxially as seen in transverse section of maize leaf blade (B). (C) Severe Rgd2-R mutant radial leaves retain the collateral vascular arrangement. (D, G)
Scanning electron micrographs of opposing leaf surfaces of a radial Rgd2-R leaf reveal adaxial and abaxial epidermal cell types. (E) Close-up of adaxial
midrib cells on radial leaf shown in panel (D), showing equivalent morphology to non-mutant adaxial midrib cells (F). The cells in both panels (E) and (F) have
an elongated ovate shape, widest in the middle and tapering at the ends. (H) Close-up of abaxial midrib cells on the radial leaf shown in panel (G): long, thin,
rectangular cells are equivalent to abaxial midrib cells from non-mutant midrib (I).
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end-tapered and distinct from the longer, square-ended cells
of the abaxial midrib (Figs. 3F, I). A common characteristic
of described radial leaf mutants is the loss of either adaxial
or abaxial anatomical features (Eshed et al., 2001; Golz et
al., 2004; Kerstetter et al., 2001; McConnell and Barton,
1998; Timmermans et al., 1998; Waites and Hudson, 1995).
Similar radial, abaxialized leaf phenotypes are described in
seminal experiments in which young leaf primordia were
surgically separated from the SAM (Hanawa, 1961; Snow
and Snow, 1959; Sussex, 1951, 1955; Wardlaw, 1949).
Remarkably, Rgd2-R plants retain dorsiventral anatomical
patterning within morphologically radial leaves (Fig. 3).
Radial Rgd2-R leaves have normal vascular bundles with
xylem and phloem in a collateral arrangement (Fig. 3C).These radial Rgd2-R leaves are also capable of making
definitive, end-tapered adaxial epidermal midrib and
squared-end abaxial epidermal midrib cell types (Figs.
3E, H). Thus, the Rgd2-R radial leaf phenotype does not
result from failure to develop either adaxial or abaxial cell
fates.
The adaxial surface of adult non-mutant maize leaves
contains columns of bulliform cells flanked by small prickle
hairs; larger macrohairs develop from basal cells spaced
within the bulliform cell rows (Fig. 4A). In contrast, the
abaxial epidermis is relatively featureless (Fig. 4E). Mode-
rate Rgd2-R mutant leaves may exhibit partial swapping of
these epidermal features: the abaxial leaf surface develops
prickle hairs, basal cells, and macrohairs, whereas the
opposing adaxial epidermis retains few of these cell types
Fig. 4. Mild Rgd2-R leaves show uncoordinated anatomical patterning. (A) The surface of the non-mutant adaxial leaf blade is characterized by macrohairs
and basal cells (red arrow) in files of bulliform cells (red asterisk) flanked by prickle hairs (red arrowhead). (B) Patches of Rgd2-R adaxial blade are relatively
featureless by comparison. (C) The adaxial midrib is broad and composed of thin, end-tapered cells. (D) Occasionally ectopic margins (black arrowhead) form
on, or flanking, the adaxial midrib of Rgd2-R leaves. The cell files to the left of the ectopic margin are reminiscent of abaxial blade, while that to the right is
again, adaxial blade. (E) The non-mutant abaxial blade is relatively featureless compared to (A) the adaxial blade. (F) Files of prickle hairs, basal cells, and
macrohairs, all adaxial features, are seen in patches on the abaxial side of the leaf shown in panel (B). Note that panels (B) and (F) appear to be partially
swapped compared to panels (A) and (E). (G) Narrow, squared-end cells of the non-mutant abaxial midrib span a region slightly less wide than the cells of the
adaxial midrib (C). (H) The abaxial side of the midrib shown in (D) is narrower (black arrow) than the non-mutant, and files of basal cells with macrohairs
(adaxial cell types) can be seen. Despite this juxtaposition of cell types, no ectopic margin forms on the abaxial surface. (I) Non-mutant midribs are
dorsiventrally thick due to abundant clear cells, while (J) the midrib of the Rgd2-R leaf shown in (D, H) is dorsiventrally thin; ectopic margins flank this
midrib. (K) A close up of the rgd2-R adaxial midrib cells shown in panel (D). These cells are similar to abaxial blade cells in that no adaxial features are
present. (L) A close up of the very narrow column of abaxial midrib cells of the leaf shown in panels (D, H, J) reveals an adaxial prickle hair. (M) The midrib of
a Rgd2-R half leaf with an ectopic margin shows vascular bundles ‘‘sideways’’ in the leaf (N) and even upside-down (O). nm = non-mutant; Ad = adaxial;
Ab = abaxial; x = xylem; p = phloem; red arrowhead = prickle hair; red arrow = basal cell and macrohair; red asterisk = bulliform cells; black arrowhead =
ectopic margin; black arrow = abaxial midrib cells; size bars = 200 AM.
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mild Rgd2-R mutant leaves (Figs. 4J, M); such ectopic
margins are observed most often at or near the midrib. The
adult maize midrib is broad and uniform with specific
adaxial and abaxial cell types described above (Figs. 4C,
G). The midrib of mild Rgd2-R leaves can exhibit
epidermal swapping that may be accompanied by the
growth of ectopic margins (Fig. 4D). In the mutant abaxial
midrib, abaxial cell types are found adjacent to columns of
adaxial basal cells, macrohairs (Fig. 4H), and prickle hairs
(Fig. 4L). In other cases, the mutant midrib epidermal cell
types are inconsistent and difficult to identify owing to
similarities with sheath and margin cell types (data not
shown). Anatomical defects are also observed in the interior
midrib cell layers. The non-mutant midrib contains large
clear cells that form a rigid, thickened structure (Fig. 4I).
Transverse sections reveal that the Rgd2-R mutant midrib
is thin and blade-like and lacks the specialized internalanatomy of the non-mutant midrib (Figs. 4J, M). More
importantly, the vascular bundles may be misaligned with
respect to the dorsiventral axis, producing a leaning or
‘‘sideways’’ appearance (Fig. 4N) that ranges up to 180- out
of alignment (Fig. 4O). As is the case with epidermal
swapping, these vascular defects are found in the blade but
occur most often at the mutant midrib. Peculiarly, although
developmental models might predict that ectopic margins
would form on both surfaces of leaves exhibiting epidermal
cell swapping, these ectopic margins occur only on adaxial
surfaces of the Rgd2-R mutant leaf (Figs. 4J, M) and are
most prominent toward the distal end of the leaf.
ragged seedling2 is defective in regulation of leaf
developmental markers
Leaf founder cell recruitment begins on the flank of the
SAM at a site that will give rise to the midvein of the leaf.
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periphery of the SAM until reaching the opposite side, from
where the leaf margins eventually arise (Phoethig, 1984).
This pattern of recruitment correlates with the down-
regulation of indeterminacy promoting KNOX proteins inFig. 5. Rgd2-R mutants exhibit defective expression of leaf developmental m
recruitment. Transverse sections show that KNOX downregulation initiates near th
before downregulation is complete and encompasses the marginal domains (r) in
spotty (red arrowheads in panel D) in the Rgd2-R SAM. Small patches of do
arrowhead in C). (E) NS genes are first expressed at two foci (red arrows) on the fl
young leaf primordia (red arrow heads). (F) Severe Rgd2-R mutants lack margins
NS expression is seen in a plant with a less severe Rgd2-R leaf phenotype; transc
leaf margins (red arrowheads). (H) NS expression at one edge (red arrowhead) o
tapered margin will be formed. ZYB14 expression in non-mutant (I–L) and rgd2
ZYB14 transcripts in the presumptive midrib (d) of P1 and adaxialized accumulati
more obvious in transverse sections at the level of the P2 leaf (J) and at the le
expression is shifted from the expanding midrib of the P1 (I, K) to the margins
expression is localized to the expanding margins of the primordia and is not seen in
ZYB14 expression is less extensive and often weaker in Rgd2-R mutant plants. M
arrow in N, P) and absent in truncated margins (N–P). In severe Rgd2-R mutan
margins. Leaf primordia are numbered according to position from the SAM; d =the SAM (Smith et al., 1992). Initially, KNOX proteins
accumulate throughout the maize SAM; downregulation of
KNOX protein accumulation begins at the presumptive
midrib (Fig. 5A) and spreads laterally along the periphery of
the meristem (Fig. 5B).arkers. Downregulation of KNOX1 (A–D) correlates with founder cell
e midrib (d1) and partially encircles (red arrows) the non-mutant SAM (A)
late P1 (B). Downregulation is incomplete (red arrows in panels C–D) and
wnregulation are found in the interior of the Rgd2-R mutant SAM (red
anks of the non-mutant SAM. Expression is also seen in the marginal tips of
and show no NS expression at the meristem foci or primordial margins. (G)
ripts are detected at only one focus (red arrow) and some, but not all, mutant
f truncated rgd2-R mutant primordium does not guarantee that a normal,
(M–P) apices. (I) Longitudinal cross-section of non-mutant SAM shows
on in margins (r) of older primordia. The adaxial bias ZYB14 expression is
vel of the founder cells (K). Note that, as development proceeds, ZYB14
of older primordia (I–L). Below the level of the shoot apex (L), ZYB14
the more mature leaf domains closer to the midrib of the primordia. (M–P)
arginal ZYB14 expression is observed only if an intact margin is present (red
ts (O), ZYB14 expression is greatly reduced in the P1 midrib as well as the
midrib; r = margin; SAM = apical meristem.
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is perturbed, especially in severe mutants where down-
regulation is incomplete and the borders of downregulation
are not laterally symmetrical (Figs. 5C–D). Furthermore,
novel patches of downregulation are frequently observed in
central areas of the SAM (Fig. 5C); downregulation of
KNOX proteins is not observed in the center of non-
mutant apices (Figs. 5A–B). Thus, in Rgd2-R mutants,
KNOX downregulation does not occur in the right places.
Notably, although incomplete downregulation of KNOX is
described for other maize mutants perturbed in founder cell
recruitment (Scanlon et al., 1996; Schneeberger et al.,
1998; Timmermans et al., 1998), the Rgd2-R mutant
KNOX pattern of interrupted accumulation and abnormal
downregulation in the center of the SAM is previously
undescribed.
The NARROW SHEATH (NS1 and NS2) genes are first
expressed in two tight foci in the lateral domains of the
maize founder cells (Fig. 5E; Nardmann et al., 2004). NS
expression continues in the margins of the primordial blade
and sheath until about the P5 stage. Loss of NS activity
results in a failure to recruit the founder cells that give rise to
a lateral domain that includes the margins of the lower leaf
(Scanlon et al., 1996). In severe Rgd2-R mutants, NS
expression was not observed (Fig. 5F); in mild mutants,
expression of NS was highly variable (Figs. 5G–H). For
example, some mutant plants displayed normal founder cell
expression, yet abnormal expression on one or more leaf
primordial margins. Still, other Rgd2-R mutants revealed
NS expression in only one founder cell focus. As evinced by
the accumulation of NS transcripts in the broad edge of an
obviously truncated Rgd2-R mutant leaf margin (Fig. 5H),
NS expression does not guarantee development of normal
margins.
YABBY genes function during expansion of leaf primor-
dia and other lateral organs of the plant shoot. In maize,
non-mutants first express ZYB14, a homologue of FIL1 and
YAB3 of Arabidopsis, in the three uppermost cell layers of
the KNOX defined P0 anlage (Juarez et al., 2004b; Fig. 5I).
ZYB14 expression precedes expansion of the leaf primor-
dial buttress and later recedes to the expanding margins of
leaf primordia (Figs. 5J–L). As previously described,
primordial-staged YABBY expression is preferentially
restricted to the adaxial side of leaf primordia in maize
and is essentially apolar in rice (Yamaguchi et al., 2004);
these patterns are contrary to that reported in Arabidopsis,
where YABBY genes are expressed abaxially (Siegfried et
al., 1999; Watanabe and Okada, 2003). As in the
morphologically similar lbl1 mutant of maize, ZYB14
expression was greatly reduced in severe Rgd2-R mutants
(Figs. 5O–P). Polarized expression of ZYB14 was not
obvious in Rgd2-R mutant leaves and, as observed for NS
expression, abnormality of ZYB14 expression pattern
correlated with the severity of the Rgd2-R mutant
phenotype (Figs. 5M–P). These effects of rgd2-R on
ZYB14 expression are consistent with a model wherebyYABBY genes promote expansion and development during
morphogenesis, although it is unclear how directly rgd2-R
affects YABBY expression.Discussion
Ragged seedling2-R mutant leaves have radial
morphology yet retain dorsiventral patterning
Leaf pattern formation entails the acquisition of local
developmental differences in leaf primordia that arise from a
uniform pool of undifferentiated founder cells. Proper leaf
patterning occurs along three axes and requires that the right
parts be put in the right places. Ectopic expression of either
the adaxial-promoting HD ZIP III genes or the abaxial-
promoting KAN genes results in the loss of abaxial or
adaxial leaf tissue in Arabidopsis; this loss correlates with
the formation of leaves that are morphologically and
anatomically radially symmetrical (unifacial) and fail to
expand mediolaterally (Eshed et al., 2001; Kerstetter et al.,
2001; McConnell and Barton, 1998). Current models
attribute this unifacial leaf morphology to the failure to
establish and/or maintain the juxtaposition of distinct
adaxial and abaxial leaf ‘‘domains,’’ which is required for
the organization of new growth along the mediolateral axis.
In other words, the radial Hd zipIII and Kan1/Kan2/
Kan3 mutant leaves do not make the right parts, such that
the leaf fails to expand laterally.
In striking contrast, the morphologically radial Rgd2-R
leaves exhibit no apparent loss of dorsiventral anatomy.
Radial Rgd2-R leaves make collateral vascular bundles but
fail to expand mediolaterally. Juxtaposition of adaxial and
abaxial ‘‘domains’’ is observed on the Rgd2-R mutant leaf
epidermis, yet no lateral expansion occurs (Fig. 3). An oft-
neglected component of the Waites and Hudson (1995)
model predicts that adaxial/abaxial juxtaposition induces
mediolateral growth only in cells that are competent to
respond to this growth signal. In this interpretation, Rgd2-R
radial leaves fail to expand because they lack competency,
not because they lack adaxial/abaxial juxtaposition.
Shoots (i.e. meristems) are radially symmetric organs and
develop via the protrusion of a cylindrical column of
unifacial shoot founder cells accompanied by very limited
lateral spreading from the site of shoot initiation (Ledin,
1954; Sharman, 1942). In contrast, bifacial leaves are
dorsiventrally asymmetrical from their inception and exhibit
relatively greater lateral spreading during both founder cell
recruitment and primordial growth. Therefore, the so-called
‘‘radial’’ leaf morphology in Rgd2-R mutants may be a
botanical misnomer? ‘‘Radial’’ Rgd2-R leaves are dorsi-
ventrally flattened at their insertion into the stem and thus
display bifacial morphology and anatomy when initiated
from the SAM. In this view, the cylindrical morphology of
severe Rgd2-R mutant leaves does not reflect radially
symmetrical development but results simply from the failure
D.C. Henderson et al. / Developmental Biology 282 (2005) 455–466 463to expand laterally during both recruitment and primordial
development. Similar interpretations may be applicable to
the development of other radial leaf mutant phenotypes.
Regulation of determinacy in rgd2-R plants
The three molecular markers utilized in this study,
KNOX, NARROW SHEATH, and ZMYABBY14, are all
involved in the progression from indeterminate to determi-
nate growth during maize leaf development. Notably, the
accumulation pattern of each of these gene products is
defective in Rgd2-R mutant plants (Fig. 5). KNOX
downregulation correlates with the initialization of determi-
nate leaf founder cells from the indeterminate SAM
(Jackson et al., 1994; Smith et al., 1992). Though during
any given plastochron the Rgd2-R mutant KNOX accu-
mulation pattern is as unpredictable as the Rgd2-R mutant
leaf phenotype, the overall pattern of KNOX downregula-
tion is patchy, incomplete, and irregular as compared to non-
mutant siblings (Figs. 5A–D). We interpret these data to
indicate that KNOX protein accumulation is disturbed in a
manner that predicts the Rgd2-R leaf phenotypes. For
example, partial KNOX downregulation generates a partial
leaf founder cell population, which in turn forms a partial
leaf. In addition, KNOX downregulation is frequently
observed in the central portion of the rgd2-R SAM (Fig.
5C), whereas in non-mutants, KNOX accumulation is lost
only in a ring of founder cells that initiates at the pre-midrib
and eventually surrounds the meristem periphery (Figs.
5A–B). Therefore, the recruitment of determinate founder
cells in Rgd2-R mutant meristems may be imprecise as
well as incomplete. Perhaps this uncoordinated pattern of
KNOX downregulation leads to the multiple-spiked appear-
ance of mutant leaf primordia (Figs. 2B, F) and corresponds
to multiple, uncoordinated points of leaf initiation as
opposed to a broad, uniform initiation.
Transcripts of the NS loci accumulate at two meristematic
foci and are correlated with recruitment of founder cells in
lateral domains of the maize SAM (Nardmann et al., 2004;
Figs. 5A, E). Analyses of KNOX accumulation patterns in the
Ns mutant SAM, together with the Ns mutant phenotype,
suggest that the accumulation of functional NS transcripts
precedes and is required for KNOX downregulation in the
lateral SAM domain (Scanlon et al., 1996). Later in
development, NS transcripts are detected at the marginal
edges of young leaf primordia (Fig. 5E). As described for
KNOX accumulation above, NS transcripts may or may not
be present in the Rgd2-Rmutant apex, presumably depend-
ent upon the extent of founder cell recruitment that occurs
during any given plastochron. Thus, if lateral founder cells
are recruited, NS transcripts accumulate at the lateral focus
and a leaf margin domain will develop. If, however, no lateral
recruitment occurs in a Rgd2-Rmutant leaf, transcription at
the NS focus will not be evident and a marginless mutant leaf
will develop. Likewise, later-staged transcripts ofNS are only
observed in Rgd2-R mutant leaves that develop a margin;half leaf and radial leaf primordia do not exhibit NS
expression (Figs. 5F–G).
While studies of mediolateral expansion in eudicots have
focused on expansion of the primordia, analysis of NS
function draws attention to mediolateral expansion that
occurs in the SAM via recruitment of founder cells. Some
very narrow Rgd2-R leaves appear to have a similar,
though more severe, Ns phenotype where lateral domains
in the lower leaf are lost. Other very narrow Rgd2-R leaves
clearly have a margin (Figs. 1G–I) and may correspond to
cases in which founder cell recruitment is complete, but
primordial-staged mediolateral expansion is defective.
Transcripts of YABBY gene family members accumulate
preferentially in abaxial regions of the eudicot Arabidopsis
and Antirrhinum primordia, in adaxial regions of maize
primordia, and are apolar in rice primordia. Currently, a
proposed function for YABBY genes in adaxial/abaxial
patterning is controversial. Nonetheless, a conserved and
perhaps primary function for YABBY gene products in both
monocots and eudicots is in expansion and determinate
growth of leaf primordia (Eshed et al., 2004; Golz et al.,
2004; Juarez et al., 2004b; Kumaran et al., 2002; Navarro et
al., 2004). This interpretation is consistent with YABBY
transcript accumulation in the initiating P0, as well as
throughout the expanding margins of young primordia
(Figs. 5I–L). As observed for KNOX and NS, ZYB14
expression is altered in Rgd2-R mutants in correlation with
the severity of the mutant phenotype. Overall, abundance of
ZYB14 transcript is reduced in Rgd2-R seedlings as
compared to non-mutants. Early-staged (P0) and later-
staged (primordial) ZYB14 transcripts may be intact, partial,
or absent in rgd2-R plants (Figs. 5M–P).
Taken together, these molecular marker expression data
suggest that RGD2-R functions to promote determinacy
during multiple stages of leaf development, including early
recruitment (as evinced by KNOX accumulation in the P0),
during later recruitment (as evinced by NS in SAM lateral
domain), and throughout all stages of primordial growth and
expansion (as evinced by ZYB14 in the P0 and leaf
primordia).
Uncoordinated pattern formation in mild Rgd2-R mutant
leaves
Mild Rgd2-R leaf phenotypes are morphologically
similar to mild lbl1 leaves (Timmermans et al., 1998),
including the formation of narrow, split, or half leaves, and
production of ectopic margins from the adaxial leaf surface.
This array of mutant phenotypes is also described in eudicot
leaf mutants (reviewed in Bowman et al., 2002; Hudson,
2001) and was attributed to a partial adaxialization or
abaxialization of the leaf as indicated by epidermal and
vascular anatomy. For example, abaxialization occurs in
Rgd1-lbl mutant leaves: columns of ectopic, abaxial
epidermal cell types form on the adaxial epidermis and
create an abnormal (i.e. non-marginal) adaxial/abaxial
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abnormal adaxial/abaxial juxtaposition, ectopic margins
expand along a new lateral axis formed at the adaxial
surface of the leaf blade (Timmermans et al., 1998). Such
ectopic margin formations in the Phantastica1 mutant of
Antirrhinum provided the foundation of the adaxial/abaxial
juxtaposition model for mediolateral expansion in plant
lateral organs (Waites and Hudson, 1995).
As opposed to the Rgd1-lbl-like reduction of adaxial
anatomy, mild Rgd2-R mutant leaves exhibit patches of
epidermal swapping (Figs. 4A–H). As a result, the
epidermal surfaces of mild Rgd2-R mutant leaves may
be mosaic, so that new axes of dorsiventral juxtaposition
are formed on both the adaxial and abaxial leaf surface.
Rgd2-R ectopic margins are associated with areas of
aberrant adaxial/abaxial epidermal patterning and mis-
aligned vascular bundles (Fig. 4). Intriguingly, although
ectopic margins may form where abnormal juxtaposition of
adaxial/abaxial tissues occurs on the adaxial leaf epidermis,
no such ectopic margins are observed from corresponding
areas of the abaxial epidermis (Fig. 4). The maize Rld1
dominant mutant also exhibits swapping of epidermal cell
types (Nelson et al., 2002) and may form ectopic margins
(Juarez et al., 2004b), although in this case the ectopic
margins are restricted to the abaxial surface. It is
interesting that, although both mutants are capable of
making ectopic lamina, each mutant generates ectopic
margins on one leaf surface only. These data stand in
apparent contradiction to the adaxial/abaxial juxtaposition
model, which predicts that ectopic margins should form
alongside adaxial/abaxial juxtapositions on both sides of
the mild Rgd2-R leaf.
Analysis of the Ntphan mutants in tobacco reminds us
that, aside from adaxial/abaxial juxtaposition, tissues must
be competent to form ectopic margins. Juvenile leaves of
Ntphan mutants exhibit ectopic margins without apparent
sites of novel adaxial/abaxial juxtaposition. The production
of ectopic margins is explained as a delay in maturation of
adaxial leaf tissue (McHale and Koning, 2004); that is,
adaxial leaf tissue is delayed in the switch from indetermi-
nacy to determinacy. Such a delay is consistent with the
molecular function of NTPHAN and homologues in
Arabidopsis, maize, and tomato (Kim et al., 2003b;
Schneeberger et al., 1998; reviewed in Takada and Tasaka,
2002) as negative regulators of KNOX expression. Ectopic
KNOX expression in Arabidopsis leaves causes increased
lobing and the formation of ectopic SAMs on the adaxial
leaf surface (Chuck et al., 1996; Kumaran et al., 2002), in
keeping with KNOX function in promoting indeterminacy.
Although the ectopic margins formed by ntphan are larger
than those produced on mild Rgd2-R leaves, they form at
equivalent positions bordering the midrib on the adaxial
surface. However, Rgd2-R mutant leaves do not show
ectopic KNOX expression. It is conceivable that other
genetic factors may render indeterminacy to the adaxial
surfaces of Rgd2-R mutant leaves.Comparisons are made between the adaxial/abaxial axis
of the leaf and the central zone/peripheral zone of the SAM.
Whereas the central zone of the SAM is considered to be
indeterminate, leaf founder cells within the peripheral zone
have shifted toward determinacy. Thus, the zonation of the
SAM is intimately linked with states of determinacy. The
adaxial patterning HD ZIPIII genes are expressed in the
SAM and have been implicated in SAM patterning
(reviewed in Veit, 2004). The indeterminate SAM is lost
in Hd zipIII loss of function mutants (Emery et al., 2003)
linking an adaxial promoting gene, expressed in the SAM,
to indeterminacy. Overexpression of abaxial-promoting
KAN1 results in an arrested, ‘‘peripheralized’’ SAM
(Kerstetter et al., 2001), showing that KAN can promote
determinacy. In this manner, dorsiventral patterning of
leaves is intimately tied to states of determinacy; PHAB-
expressing regions are less determinate than those express-
ing KAN. Though epidermal and vascular tissues suggest
novel growth axes in mild Rgd2-R leaves, adaxial or
indeterminacy-promoting factors may not be sufficiently
strong in the abaxial leaf to render these tissues competent
for ectopic growth.
The Rgd2-R phenotype is consistent with a defect in
developmental signaling
We propose that Rgd2-R is defective in a fundamental
signaling pathway that is utilized during multiple stages of
plant development. RGD2-R may be involved in signal
generation, transduction, propagation, or response. Move-
ment of KNOX-GFP fusion proteins in Arabidopsis is a
prime example of developmental signaling (Kim et al.,
2003a). The earliest developmental defects in Rgd2-R
mutants include the altered accumulation patterns of KNOX
proteins and NS transcripts in founder cells (Fig. 5), whereas
later defects include the lack of laminar expansion and
abnormal anatomical patterning of the rgd2-R leaf. Adaxial
epidermal cell types are found abaxially, and these features
may be lost from the adaxial surface. In addition, mild
Rgd2-R vascular bundles may be rotated up to 180- out of
normal orientation (Figs. 4N–O), although collateral parti-
tioning of phloem and xylem vessels within the bundle is
normal. Our explanation of these mild Rgd2-R phenotypes
is that subdomains of leaf tissue fail to interpret their
positional information within the mediolateral and dorsi-
ventral plane of the leaf and thus develop quasi-independ-
ently from neighboring tissues. A signaling failure in mild
Rgd2-R leaves could prevent the communication neces-
sary for coordinated tissue development, thus yielding the
mild rgd2-R phenotype. Likewise, misinterpreted signals
during either founder cell recruitment or during expansion
of the primordial lamina may explain the severe Rgd2-R
leaf phenotypes. In this view, dorsiventral patterning and
adaxial/abaxial juxtaposition may generate the correct signal
to expand, and RGD2 function may be required for a
competent response to the lateral expansion signal (Figs.
D.C. Henderson et al. / Developmental Biology 282 (2005) 455–466 4651G–I, Fig. 3 C). A signaling disruption may also explain the
odd patterns of KNOX downregulation in the Rgd2-R
mutant SAM. KNOX is aberrantly downregulated in SAM
central cells and incompletely downregulated in peripheral
cells (Figs. 5C–D), as if these cells cannot correctly
interpret their position within the SAM. Taken together,
the Rgd2-R phenotypes are consistent with a defect in a
generalized signaling process required for molecular pat-
terning of the maize SAM, anatomical patterning of the leaf,
and mediolateral expansion of the lamina.
RGD2-R may function more directly in leaf patterning
by enhancing or repressing other patterning genes. Com-
plex patterns can be explained with simple models based
on local self-enhancement and long-range inhibition (Koch
and Meinhardt, 1994). Turing (1952) first proposed that
patterns could be established by differences in diffusion
rates of two substances. It was subsequently asserted that
local self-enhancement and long-range inhibition play key
roles in this simple model (Gierer and Meinhardt, 1972;
Segel and Jackson, 1972). Local self-enhancement causes a
local rise in one substance. When a second substance
antagonizes the first in adjacent areas, a simple pattern is
established. These models are attractive due to their
simplicity, relevance, and support across the spate of
biological systems that rely on or exhibit patterns
(Meinhardt and Gierer, 2000). In particular, the Waites
and Hudson (1995) model is quite similar to mathematical
models that propose the establishment of leaf develop-
mental boundaries within the SAM (Koch and Meinhardt,
1994). The adaxializing PHAB protein is proposed to be
self-enhancing (McConnell et al., 2001), and recent data
reveal that PHAB expression is inhibited abaxially by
ARGONAUTE-mediated production of miRNA165 (Kidner
and Martienssen, 2004). Thus, these gene products create the
basic components of local self-enhancement and long-range
inhibition for adaxial/abaxial pattern in the maize leaf.
However, the timing of PHAB mRNA restriction occurs
after the initial outgrowth of the leaf primordium (Kidner and
Martienssen, 2004; McConnell et al., 2001). Perhaps PHAB
acts to refine a pattern first initiated in the SAM? Restricted
P0 YABBY expression and expression of miRNA166 just
below the P0 primordium in maize (Juarez et al., 2004a)
imply the presence of discrete ‘‘pre-adaxial/abaxial’’ pat-
terning in the SAM as predicted by Koch and Meinhardt
(1994). NS-mediated recruitment of lateral founder cells in
maize shows that, in addition to a pre-adaxial/abaxial
pattern, a mediolateral pattern exists in the SAM. PHAB
and KAN, along with other gene products, could then
refine the adaxial/abaxial pattern as the primordium
emerges from the SAM. Identification of such discreet
domains in the meristem and primordia may prove to be
elusive in plants since cell fate is not tightly linked to
lineage as in the case of animals. Simultaneous visual-
ization of multiple gene products responsible for adaxial/
abaxial patterning would be a major step in locating
boundaries and strictly defining developmental domainsin plant lateral organs. RGD2-R may act to enhance or
repress various genes throughout this developmental
process, thus altering the location or extent of patterning
gene maxima and minima, and hence the extent and
efficacy of developmental domains.Acknowledgments
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